Abstract: In ecological communities, the proportion of plant species with different dispersal syndromes is known as the dispersal spectrum, which can result from different selective pressures such as climate. This is because variations in temperature, humidity, atmospheric pressure and precipitation result in distinct flora and fauna among different sites. If climate conditions along an altitudinal range act as a strong direct or indirect selective pressure on dispersal syndromes, the dispersal spectrum among plant communities in different altitudes should be distinct. We organized the dispersal syndromes in five hierarchical levels according to the levels of detail in diaspore morphology and, consequently, different degrees of specificity to the dispersers. Then we identified, within each hierarchical level, the syndromes of tree species of four forest types of the Atlantic Rainforest along a 1200 m altitudinal range in Southeast Brazil. Among 327 species, we found two syndromes in the most general hierarchical level (abiotic and biotic dispersal), three in the following level (wind, self and animal), three in the intermediate level (barochory, autochory and endozoochory), two in the forth level (mammal and bird), and 12 syndromes in the most specific level, all of which were related to the morphology of diaspores dispersed by wind, autochory, mammals and birds. The dispersal spectrum in the five hierarchical levels was similar among the four forest types. Overall, the majority of species is dispersed by biotic agents, considered here as animals and the parent plant itself. Within biotic agents, the most important are animals, specifically birds. Most bird-dispersed species present drupoid diaspores. Our results indicate that the selective pressures on dispersal syndromes originated from climate conditions that vary with altitude are not strong, hence resulting in the same dispersal spectrum among the forest types. Keywords: animal dispersal, biotic dispersal, bird dispersal, hierarchy of classification of dispersal syndromes. Biota Neotropica. 14(1): e20130003.
Introduction
Seeds, fruits, infructescences and other dispersal units are generically called diaspores. Diaspore dispersal is a dynamic process of diaspore transportation away from the parent plant. This transportation can be performed by biotic agents, such as animals and the parent plant itself, or by abiotic agents, such as wind and water (van der Pijl 1972) . Diaspores generally show adaptations for dispersal by a specific agent (Willson et al. 1990) , which is known as dispersal syndrome. Therefore, the syndromes indicate the most likely primary dispersal agent of a particular plant species (van der Pijl 1972) .
Dispersal syndromes have been extensively described by Ridley (1930) and van der Pijl (1972) . For example, within biotic dispersal syndromes, animal-dispersed diaspores can be either fleshy or dry. Many different types of animals consume the former, which is known as endozoochory; the latter cling externally to the body of animals, a form of dispersal known as epizoochory. Endozoochorous diaspores present characteristics that are specifically attractive to particular groups of animals, such as ants (although they transport diaspores externally to their bodies to later remove their fleshy portion inside the nest), fishes, reptiles, birds or mammals. Conversely, mammaldispersed diaspores present characteristics that result in their dispersal by distinct groups of mammals (Ridley 1930 , van der Pijl 1972 . Therefore, there are different levels of detail in diaspore morphology and, consequently, different degrees of specificity to the dispersers. In the given example, biotic agents would be considered level 1 in a hierarchical classification of dispersal syndromes, as well as abiotic agents; animal dispersal would be level 2, as well as self dispersal by the parent plant and the abiotic dispersal by water and wind; endozoochory and epizoochory would both be level 3, as well as different forms of self dispersal (autochory and barochory); ant, fish, reptile, bird and mammal dispersal would all be level 4, and dispersal by the distinct groups of mammals would be level 5 in the hierarchy, as well as the different forms of autochory, water and wind dispersal (for a more detailed explanation of the dispersal syndromes please see the ''Protocol for the classification of dispersal syndromes'' at supplementary material 1).
Despite the clear hierarchical organization of the dispersal syndromes, no author has yet proposed formal hierarchical levels within them. This organization is needed in studies that compare dispersal distances, demographic consequences of dispersal (e.g., the spatial distribution of seeds and seedlings) or the proportion of species with different dispersal syndromes in ecological communities. Restraining diaspore morphology and consequently its most likely dispersal agent should enable the evaluation of underlying patterns of dispersal opposed to the great variation that emerges when syndromes from different hierarchical levels are considered.
Birds are important dispersal agents, particularly in the tropics (Gentry 1982 , Willson et al. 1989 , Pedroni 2001 . The diaspores they eat show very different morphologies, such as seeds with fleshy appendage, seeds without any nutritional reward (known as mimetic seeds), and fleshy fruits with few up to many seeds (i.e. drupoid and baccoid diaspores, respectively). Seeds with fleshy appendages, seeds without any nutritional reward and seeds from drupoid diaspores are larger than seeds from baccoid diaspores. Thus, the former may only be dispersed by large-bodied birds (Wheelwright 1985) , which can swallow the whole diaspore and carry the large seed(s). Small birds can sometimes swallow large diaspores, but they are less willing or able to carry the mass of ballast associated with large seeds (Mack 1993) . Therefore, small birds are most likely to only peck at the pulp of large diaspores and do not act as dispersers of large seeds. On the other hand, seeds from baccoid diaspores can be dispersed by both small and large birds, with the number of seeds carried varying with the size of the bird in relation to the size of the diaspore, which may be swallowed whole or have a portion pecked at. Therefore, the different types of bird-dispersed diaspores are likely to present dissimilar patterns of seed deposition in the environment as well as distinct implications for seed germination and establishment of the new individuals (Howe et al. 1985) . Because of the different selective pressures on each type of bird-dispersed diaspore, it is necessary to divide them into different groups into level 5 of the hierarchy of dispersal syndromes.
Even though it is relatively easy to identify seed dispersal syndromes based on diaspore morphology alone, not necessarily can we predict which agent is actually acting as a disperser. This is especially critical for animal dispersal, since seed dispersal mutualisms are clearly unspecialized (Herrera 1985 (Herrera , 2002 . Most plants lack attributes that require special handling by particular species of animals (Herrera 2002 , Burns et al. 2009 , but see Moran et al. 2004) ; thus, dispersers rarely show preferences for particular diaspore traits and often consume seeds and fruits indiscriminately (e.g., Herrera 1985 , Burns et al. 2009 , but see Carlo et al. 2003 . Nevertheless, specialized relationships can arise on coarser taxonomic scales, among wide 'guilds' of diaspores and animals (Lomá scolo et al. 2008 , Hollander & Vander Wall 2009 , but see Fischer & Chapman 1993 . This suggests that the diaspore morphology described in syndromes belonging to upper levels of the hierarchy proposed herein can be used with good reliability to predict the set of dispersal agents of a given plant species. On the other hand, biotic syndromes in levels 4 and 5 may hardly correspond to the actual set of dispersal agents.
This may be considered a shortcoming for the widespread use of dispersal syndromes, especially the ones in the lower levels of the hierarchy. Nevertheless, diaspore morphology is likely to restrict the agents that act as real dispersers, unregard of their taxonomic group, and these dispersers may deposit seeds in the environment in similar fashion. For instance, many diaspores with characteristics considered attractive to birds are also consumed by mammals. Because seeds belonging to drupoid diaspores are larger than those belonging to baccoid diaspores, the former are only likely to be dispersed by large birds and mammals (Wheelwright 1985) , while the latter can be dispersed by both small and large animals. Large animals have larger home ranges (Kelt & Van Vuren 2001) and may carry seeds over longer distances than smaller animals (Seidler & Plotkin 2006) . As a consequence, seeds belonging to drupoid diaspores may be deposit more scattered in the environment than seeds from baccoid diaspores, which may show some clumping due to dispersal by small animals. Hence, diaspores with similar morphology should be linked to the similar demographic consequences of seed dispersal, mediated by different dispersal agents. Because of that, we believe that the biotic syndromes proposed in levels 4 and 5 should be considered in studies of dispersal syndromes.
In ecological communities, the proportion of plant species with different dispersal syndromes is known as the dispersal spectrum (van der Pijl 1972 , Hughes et al. 1994 ), which can result from different selective pressures. The main pressures on dispersal strategies arise from frugivores (Mazer & Wheelwright 1993 , Lord 2004 , predation, competition among plant species for the same dispersers, climate seasonality and the environment in which the plants occur (Roth 1987 , Almeida-Neto et al. 2008 . Thus, forest types at different altitudes may have different dispersal spectra due to variations in temperature, humidity, atmospheric pressure and precipitation (Willson et al. 1990 ), all of which result in distinct flora and fauna along an altitudinal range.
The state park ''Parque Estadual da Serra do Mar'' (PESM hereafter), Southeast Brazil, is the largest continuous stretch of preserved Atlantic Rainforest in Brazil and extends from sea level to 1200 m of altitude (SOS Mata Atlâ ntica/INPE/ISA 1998, Alves et al. 2010) . Therefore, it is an excellent site for the investigation of dispersal spectrum changes with altitude. Both temperature and rainfall decrease with increasing altitude (Banco de Dados Climá ticos do Brasil), and the different climate along the altitudinal range has resulted in distinct forest types, each with its own floristic composition (Joly et al. 2012 ). Therefore, we should also expect changes in the dispersal spectrum along the altitudinal range due to selective pressures imposed by climate on seed dispersal mechanisms.
As other tropical forests, the Atlantic Rainforest presents 45% up to 90% of shrub and/or tree species dispersed by animals (Pedroni 2001 , Almeida-Neto et al. 2008 ). Animal dispersal is positively related to rainfall and hence tends to be more common at low altitudes (Willson et al. 1989 , Vicente et al. 2003 . However, Almeida-Neto et al. (2008) found that animal dispersal in the Atlantic Rainforest is negatively related to temperature, which suggests the importance of seed dispersal by animals may actually increase with increasing altitude. Therefore, the relation between animal dispersal and altitude should be further explored in order to depict the relative importance of rainfall and temperature on the dispersal spectrum.
Within endozoochorous species, bird dispersal is more common than mammal dispersal (Gentry 1982 , Willson et al. 1989 . In a 1900 m altitudinal range of the Atlantic Rainforest, Almeida-Neto et al. (2008) found predominance of birddispersed species at higher altitudes, while mammal-dispersed species were more frequent at lower altitudes. Last, within abiotic dispersal, wind and self-dispersed species are more frequent at higher altitudes, where the climate is drier and vegetation more open (van der Pijl 1972 , Campassi 2006 . Although some studies have shown the influence of climate on dispersal spectrum changes with altitude, the detailed hierarchical levels within dispersal syndromes we previously described have never been taken into account.
This study aimed to (1) develop a hierarchical organization of dispersal syndromes for tree species, which include four divisions within bird dispersal based on diaspore morphology, and (2) identify the syndromes within each hierarchical level for tree species of four forest types along the altitudinal range of PESM. After identifying the syndromes, we determined the dispersal spectrum within each hierarchical level in the four forest types. Then we specifically asked whether the dispersal spectrum differed among the forest types.
We expect that dispersal by biotic agents, mainly by animals that consume diaspores and specifically by birds, should prevail among tree species at PESM, as found in other studies carried out in the Brazilian Atlantic Rainforest (e.g., Pedroni 2001 , Campassi 2006 , Kinoshita et al. 2006 , Almeida-Neto et al. 2008 , Silva & Rodal 2009 ). However, differently from previous studies, the dispersal spectrum within different hierarchical levels of the dispersal syndromes will be used, including the divisions within bird-dispersed diaspores. We hypothesize that, if climate conditions along the altitudinal range of PESM act as a strong selective pressure on dispersal syndromes, there should be differences in the dispersal spectrum among the forest types. For example, if rainfall imposes a stronger pressure, animal dispersal should be more common at lower altitudes. On the other hand, if temperature imposes a stronger pressure, animal dispersal should be more common at higher altitudes. The differences found in the dispersal spectrum along the altitudinal range should reflect the key importance of certain dispersal agents in the different environments, as found by other authors (e.g., van der Pijl 1972 , Roth 1987 , Willson et al. 1990 , Hughes et al. 1994 , Pedroni 2001 , Campassi 2006 , Almeida-Neto et al. 2008 ).
Material and Methods

Study site
The Brazilian Atlantic Forest is considered one of the world's hotspots for biodiversity conservation (Myers et al. 2000) , with only about 12% of its original cover remaining in fragments larger than 3 ha (Fundaçã o SOS Mata Atlâ ntica). The largest continuous remnant includes the state park PESM (236349 -236179 S e 456029 -456119 W), which encompasses the mountain range of ''Serra do Mar'' along the northern coast of the state of Sã o Paulo, SE Brazil. PESM comprises 315,000 ha (SOS Mata Atlâ ntica/INPE/ISA 1998) ranging from 0 m to 1200 m above sea level (a.s.l.; Alves et al. 2010) . The geological and topological complexity of ''Serra do Mar'' results in extremely heterogeneous habitats and microclimates (Suguio & Martin 1978 , Alves et al. 2010 In 2006-2007, researchers from the Theme Project ''Functional Gradient'' (Biota/FAPESP 03/12595-7) installed 14 non-contiguous, permanent 1 ha plots at the four forest types present along the altitudinal range of PESM. Plot establishment and tree sampling followed the RAINFOR field manual (Phillips et al. 2009 , Joly et al. 2012 . One plot was placed at the Restinga Forest (up to 10 m a.s.l. in sandy soil; Restinga hereafter), five plots at the Lowland Atlantic Rainforest (between 5 m and 50 m a.s.l.; Lowland hereafter), four plots at the Submontane Atlantic Rainforest (between 50 m and 500 m a.s.l.; Submontane hereafter) and four plots were installed at the Montane Atlantic Rainforest (between 500 m and 1200 m a.s.l.; Monane hereafter; Veloso et al. 2001 , Joly et al. 2012 . In this study, we collected data at one plot of each forest type. Because floristic composition and community structure are very similar among plots installed at the same forest type (Joly et al. 2012) , we believe the results presented further are representative of the different forest types of the Atlantic Rainforest at the study site.
At the low portion of ''Serra do Mar'', mean temperatures range from 18.46C in July to 25.56C in February. A dry season is absent and mean rainfall ranges from 11 mm in July to 376 mm in January. At the high portion of ''Serra do Mar'', mean temperatures are a little lower and range from 16.46C in July to 23.26C in February. Again, a dry season is absent, but there is less rainfall than at the low portion of the mountain range (278 mm in February and 20 mm in July; EMBRAPA). Nevertheless, Submontane and Montane are frequently covered by clouds and mist brought by oceanic winds (Silva-Dias et al. 1995) , which increase humidity but reduce light availability to plants (Sousa Neto 2008) .
Soils along the altitudinal range are shallow and nutrient poor. However, the soil of Restinga is sandier and poorer than the soils of the other forest types (Martins 2010). Soil humidity, total carbon and nitrogen, and ammonia and nitrate concentrations increase with altitude. Conversely, decomposition rates, and N 2 O and CO 2 emissions from the soil to the atmosphere decrease with altitude (Sousa Neto 2008).
Species studied
The researchers from the Theme Project sampled, collected and identified every living tree (including palms) with stem DBH > 4.8 cm inside the 14 plots. Voucher specimens are deposited in the herbariums of the University of Campinas (UEC), ''Instituto Agronô mico de Campinas'' (IAC) and 'Universidade Estadual Paulista ''Jú lio de Mesquita Filho''' campus Rio Claro (HRCB; Joly et al. 2012) .
We identified the dispersal syndrome within all hierarchical levels of the species sampled at the four study plots. Unidentified individuals at the family level and lacking diaspores in the voucher material were not included in the analysis. Undetermined species of known families had their dispersal syndrome assigned when the families had only one syndrome. Conversely, we were unable to identify the syndrome of undetermined species belonging to families with more than one syndrome, except in cases where the diaspores had been collected. Therefore, the syndrome of undetermined species with different types of diaspores in the same family was described as non-identified (NI hereafter).
Dispersal syndromes
We conducted a review of the syndromes that occur at tree species and elaborated a protocol of identification where the references used can be found (''Protocol for the classification of dispersal syndromes'' at supplementary material 1). The diaspore characteristics presented were extracted from specialized literature rather than based on fruits and seeds of the species studied. This makes our classification wide enough to be used by other authors and at other study systems. Based on the protocol, we also prepared a diagram (Figure 1 ) that establishes the hierarchical classification of the dispersal syndromes in five levels, each composed of several groups.
We created four divisions within bird dispersal based on the following morphological characteristics: (1) seeds with sarcotesta, fleshy aril or ariloid structures; (2) seeds with colours that mimics external fleshy appendages or a juicy aspect; (3) few or many seeds per diaspore, and (4) size of seeds in relation to the diaspore. As a result, the divisions created were seeds with fleshy appendage, seeds without any nutritional reward, drupoid diaspores and baccoid diaspores (Figure 1) .
Diaspores dispersed by mammals present very different morphologies and are attractive to distinct groups of mammals. Because of that, syndromes of mammal-dispersed diaspores originally received their names according to the taxonomic group of animals that act as the dispersal agent (e.g., Ridley 1930 , van der Pijl 1972 , Janzen & Martin 1982 , Herrera 1989 . However, in the classification here proposed, all other groups belonging to level 5 were designated based on the morphology of the diaspores, such as those previously described for bird dispersal. So, in order for all groups of level 5 to have the same classification criteria, we proposed new terms for the syndromes of mammal dispersal. The new terms were based on the main morphological characteristics of the diaspores in each mammal-dispersed group, which may be related to a taxonomic group of dispersal agent ( Figure 1) .
As one can note in Figure 1 , some dispersal syndromes are unfiled to all hierarchical levels. For example, within abiotic dispersal syndromes (level 1), both wind and water-dispersed diaspores (level 2) reach a high level of detail without showing intermediate levels. In the case of wind dispersal, there are dust, balloon, plumed, winged, ballist and roller diaspores (van der Pijl 1972) . We prefer to file them directly to level 5 instead of 3 because they present very specific morphology that, analogously to biotically dispersed diaspores, enables their classification into the more detailed level of the hierarchy. The lack of intermediate levels for abiotic dispersal may suggest that the diversification of diaspore morphology resulting from selective pressures imposed by biotic agents is greater than those imposed by abiotic agents.
To identify the dispersal syndromes, we observed the morphological characteristics of diaspores in the voucher material deposited in the Herbarium UEC. Since few species were collected with diaspores, we also used plant images and drawings, type descriptions in the literature, and/or material collected outside PESM. Even though diaspores may be dispersed by animals belonging to different taxonomic groups, we based our classification on the dispersal syndromes proposed by Ridley (1930) and van der Pijl (1972) , and, more specifically, on diaspore morphology. Though many species are subject to secondary dispersal by animals or water, for the purpose of this study we examined only the primary phase of dispersal (Seidler & Plotkin 2006) .
Data analysis
We used chi-square tests to compare the frequency of occurrence of syndromes within each hierarchical level among the four forest types. The expected values for each level were the total number of species with identified syndromes in the four forest types together divided by the number of syndromes within the hierarchical level. We also used chi-square tests to compare the frequency of occurrence of syndromes within each hierarchical level in each of the four forest types. The expected values for level 1 were the total number of species with identified syndromes divided by two (biotic and abiotic dispersal). The expected values for further hierarchical levels were based on the proportion of species belonging to syndromes from the upper level. For example, for level 2, the expected values of animal and self dispersal were the number of biotically dispersed species divided by two, and the expected values of wind and water dispersal were the number of abiotically dispersed species divided by two. We did not perform any comparison among the syndromes of level 3, because all animal-dispersed species (level 2) presented endozoochorous diaspores (level 3), and the syndromes of epizoochory, autochory and barochory (all level 3) were represented by less than five species. For level 5, we performed chi-square tests for the different types of bird-dispersed diaspores alone, for the different types of mammal-dispersed diaspores alone, and for all types of bird, mammal and winddispersed diaspores together. All tests were performed for categories with sample size of at least five species, with a = 0.05 (Zar 1999).
Results
We listed 83 species at Restinga, 137 at Lowland, 149 at Submontane and 144 at Montane. Because some species occurred in more than one forest type, we obtained a final list with 327 species for the four study plots. Within these species, one was NI at Restinga (corresponding to 1.2% of the species in this forest type), three were NI at Lowland (2.2%), three were undetermined at Montane (2.1%) and 13 were NI at Montane (9.0%). The list of all tree species sampled at the four forest types and their dispersal syndromes belonging to the five hierarchical levels proposed herein can be found at supplementary material 2.
As one travels through the diagram that organizes the hierarchical levels of the dispersal syndromes (Figure 1 ), the variation in diaspore morphology and in the group of dispersal agent decreases from the upper to the lower levels. As a result, the characteristics of the syndromes become more specific from the upper to the lower levels.
The frequency of occurrence of dispersal syndromes within each of the five hierarchical levels did not differ among the four forest types (P . 0.05; Table 1 ).The overall dispersal spectrum of the Atlantic Rainforest at PESM presents more species dispersed by biotic agents, mainly animals that consume diaspores and specifically birds, which disperse drupoid diaspores ( Figure 2 ). Species were dispersed 6.8 to 15.8 times more by biotic than by abiotic agents (x 2 = 338.10, P , 0.001, d.f. = 3). The frequency of animal dispersal was higher and that of wind dispersal lower than expected based on the proportion of species dispersed by biotic and abiotic agents, respectively (x 2 = 244.37, P , 0.001, d.f. = 3). Wind dispersal was the only abiotic syndrome found in the forest types. Among animal-dispersed species, bird dispersal was 2.7 to 3.5 times more common than mammal dispersal (x 2 = 117.86, P , 0.001, d.f. = 3; Figure 3 ). Within bird dispersal, there was 3.3 to 4 times more drupoid diaspores than seeds with fleshy appendage attached (x 2 = 324.78, P , 0.001, d.f. = 3). Within mammal dispersal, there was 1.8 to 4.7 times more diaspores with attractive colours (corresponding to those attractive to primates) than hard (rodents), clear and opaque (bats), and large diaspores (Carnivora) together (x 2 = 168.17, P , 0.001, d.f. = 3; Table  2 ). For further explanation on names, please see the ''Protocol for the classification of dispersal syndromes'' at supplementary material 1.
Considering all syndromes of level 5, drupoid diaspores, diaspores with attractive colours and winged diaspores occurred at higher frequencies than expected based on the proportion of bird, mammal and wind-dispersed species respectively. Seeds with fleshy appendage attached occurred at a similar frequency to the expected based on the proportion of bird-dispersed species. Conversely, hard, clear and opaque, and large diaspores occurred less frequently than expected based on the proportion of mammal-dispersed species (x 2 = 563.81, P , 0.001, d.f. = 12; Table 2 ).
Discussion
In this study, we propose five hierarchical levels for the classification of dispersal syndromes based entirely on diaspore morphology. Using this classification, we found a similar dispersal spectrum along the altitudinal range of PESM, which is contrary to the expectation based on previous studies carried on the Atlantic Rainforest and elsewhere (e.g., van der Pijl 1972 , Roth 1987 , Willson et al. 1990 , Hughes et al. 1994 , Pedroni 2001 , Almeida-Neto et al. 2008 . Even though climate is an important determinant of floristic composition along the altitudinal range (Joly et al. 2012) , it probably does not act as a strong selective pressure on dispersal syndromes, hence resulting in the same dispersal spectrum among the forest types. Alternatively, the selective pressures imposed by rainfall and temperature may counteract each other and result in a similar dispersal spectrum along the altitudinal range. Future studies should also investigate whether the main groups of animal dispersers change along the altitudinal range, so the dispersal spectrum can be correlated with the dispersers at the study site.
Almost 90% of tree species at PESM are dispersed by biotic agents, particularly animals, which is the highest proportion of animal dispersal described for tropical forests elsewhere (Pedroni 2001 , Kinoshita et al. 2006 , Almeida-Neto et al. 2008 , Silva & Rodal 2009 ). This great proportion of animaldispersed species at PESM is likely to be related to high rainfall throughout the year in the mountain range of ''Serra do Mar'' and the high abundance of vertebrate frugivores in tropical forests (Gentry 1982 , Willson et al. 1989 , Vicente et al. 2003 , Almeida-Neto et al. 2008 . Most animal-dispersed species at PESM are attractive to birds, as described in other studies (Gentry 1982 , Willson et al. 1989 , Almeida-Neto et al. 2008 . Nevertheless, bird dispersal is 2.7 to 3.5 times more frequent than mammal dispersal at our study site, which is a much higher proportion than the previous described 2:1 for the Neotropics (Gentry 1982 , Almeida-Neto et al. 2008 ). Bird dispersal is likely to have great implications for seed deposition patterns and, consequently, for plant demography. This is because these animals deposit high quantities of seeds in specific sites ( We found low occurrence of species dispersed by wind and the parent plant itself at PESM. Wind dispersal is predominant in regions of dry climate (van der Pijl 1972), unlike the Atlantic Rainforest. Previous studies in this type of forest also found few species dispersed by the parent plant itself (Vieira et al. 2002) . Possibly, the low frequency of dispersal by wind and the parent plant itself arises from the low reproductive success of adults that release their diaspores in dense vegetation where they cannot travel long distances (Roth 1987) . Additionally, the high diversity of animal dispersers at tropical forests has likely acted as a selective force driving the evolution of diaspores with characteristics attractive to animals. This study shows that there are no differences in the dispersal spectrum among different forest types along an altitudinal range in the Atlantic Rainforest at PESM. This indicates that probably the selective pressures on dispersal syndromes resulting from climate conditions that vary within this range are not strong or counteract each other, hence resulting in the same dispersal spectrum among the forest types. The high frequency of animal-dispersed species, specifically bird-dispersed ones, contributes to the same dispersal spectrum among forest types. The high occurrence of these syndromes indicates that frugivorous animals, especially birds, are very important for the maintenance of communities in the Atlantic Rainforest unregard of altitude. 
Supplementary material 1: Protocol for the classification of dispersal syndromes
This protocol includes a description of diaspore and vegetative characteristics that will help to identify all forms of diaspore dispersal. The exception are the following forms that are absent from tree species or that do not present common traits that indicate a dispersal syndrome: (1) dispersal by slugs, which does not constitute a dispersal syndrome (Gervais et al. 1998 , Tuerke et al. 2010 ; (2) dispersal by earthworms, which also does not constitute a dispersal syndrome (Milcu et al. 2006) ; (3) dispersal by bees, described for only two tree species with fruits that produce resin or wax (Wallace & Trueman 1995 , Wallace et al. 2008 ; (4) dispersal by beetles, mainly described for dung beetles, which collect faeces containing seeds primarily dispersed by vertebrates (Vulinec 2002) . However, beetles have also been found ingesting fruit pulp with seeds of one parasitic species in the Mediterranean region (de Vega et al. 2011 ); (5) dispersal by weta, giant flightless crickets in New Zealand (Burns 2006 , Duthie et al. 2006 ; (6) ant-dispersed species that form ant gardens and only occur in epiphytes (Ule 1905 apud van der Pijl 1972, van der Pijl 1972); (7) ant-dispersed species with short stems that droop to the ground when the seeds are ripe, which can only occur in herbaceous plants (Handel & Beattie 1990) ; (8) dispersal by tree-frogs, found only in a single bromeliad species (Silva et al. 1989 ); (9) woody or dry fruits with small hard seeds produced by herbaceous plants; (10) tumbleweeds, restricted to herbaceous plants, and (11) diaspores that submerge in water, which only occur in aquatic species (van der Pijl 1972) . The main studies reviewed for the elaboration of this protocol were: Ridley (1930) , van der Pijl (1972), Roth (1987) , Herrera (1989) , Banack (1998) , Laubhann & Puff (2002) and Dumont (2003) . All characteristics described here can be observed in herbarium specimens, photographs, diagrams and information about the species in the literature.
The protocol is organized into hierarchical levels, according to the diagram in Fig. 1 presented in the paper. The diagram establishes a hierarchical classification of the dispersal syndromes in five levels, each composed of several groups. At each subsequent level of the hierarchy, the morphological characteristics of the diaspores are given in greater detail, thus further specifying the disperser agents. As a result, the characteristics of the syndromes become more specific from the upper levels to the lower levels. Nevertheless, some dispersal syndromes are unfiled to all hierarchical levels. This happens because some diaspores reach a high level of detail without showing intermediate levels and, thus, are classified directly into level 5 of the hierarchy.
A list of all tree species sampled at four forest types of the Atlantic Rainforest in Southeast Brazil and their dispersal syndromes belonging to the five hierarchical levels proposed herein can be found at supplementary material 2. In this protocol, we only give examples of species with dispersal syndromes that were not found at the study site.
1. Level 1: Dispersal by biotic agents 1.1. Level 2: Animal dispersal: animal-dispersed diaspores can either be consumed or stick externally to the body of animals (Ridley 1930 , van der Pijl 1972 .
1.1.1. Level 3: Endozoochory (diaspores consumed by animals): endozoochorous diaspores usually contain a fleshy portion, such as fruits with pulp and seeds with fleshy appendages attached. This fleshy portion primarily provides nutrients and energy to the animals (Ridley 1930 , van der Pijl 1972 , Hö lldobler & Wilson 1990 . The diaspores can present odour, attractive colours (bright yellow, orange, red, pink, purple, blue or black) and protection against premature consumption, such as green colour and unpalatable substances (van der Pijl 1972). The fruits may have hard or soft skin (Banack 1998 , Dumont 2003 , and a sweet flavour because, when ripe, their sugar content increases. Moreover, they become softer due to the presence of pectin (Raven 2007) .
1.1.1.1. Level 4: Ant dispersal: the characteristic diagnosing this syndrome are seeds covered by an oleaginous external portion, which generally makes up the elaiosome. The lipid compounds are volatile and attract ants, which carry the seeds to their nest to feed on the oleaginous portion, eventually dispersing the seeds (Ridley 1930 , van der Pijl 1972 , Hö lldobler & Wilson 1990 . The groups of ant dispersal presented below are intended only to facilitate the identification of diaspores dispersed by ants and are not an actual level within the syndrome. One example of species dispersed by ants is Mabea fistulifera Mart.
i-Seeds with elaiosome attached: are characterized by the presence of a fleshy appendage externally to the seed. It is rich in lipids and is called the elaiosome (van der Pijl 1972 , Hö lldobler & Wilson 1990 . It is usually white, contrasting with the seed, which is dark, hard, smooth and apparently difficult to destroy (van der Pijl 1972) . One example of species that produce seeds with an elaiosome attached is Mabea fistulifera.
ii-Seeds that secrete lipids by the testa: are characterized by the presence of an oleaginous material distributed throughout the whole fleshy testa. Sometimes, this material can be found in small parts of the inflorescence that remain attached to the seeds (Ridley 1930 , van der Pijl 1972 . Species of Ficus secrete lipids by the testa, but we classified the five species of this genus found in the forest types studied as mammal-dispersed, with clear and opaque diaspores (correspondent to those attractive to bats; item 1.1.1.5.3.) because they presented more characteristics of this syndrome than of ant dispersal.
When the seed has no elaiosome attached or oleaginous material distributed throughout its fleshy testa, characteristics of the parent plant may indicate the occurrence of dispersal by ants. In this case, the plants can facilitate the encounter of the diaspores by ants, and also provide food and/or shelter for them. Therefore, while foraging on the plant, the ants find the diaspores and take them to their nests (Ridley 1930 , van der Pijl 1972 , Handel & Beattie 1990 . The characteristics of the parent plants indicating the occurrence of dispersal by ants are:
iii-Form of diaspore presentation: dehiscent fruits (open spontaneously during maturation) that remain open for a long time and infructescences with seeds that are easily accessible (Handel & Beattie 1990 , Gonçalves & Lorenzi 2007 . A herbaceous species with the latter form of presentation of its diaspores is Urera baccifera (L.) Gaudich. vi-Plants with food bodies: food bodies are small, pearl-like epidermal structures, showing basal constriction. Lipids and glycogen are the major metabolites of these structures, which may be associated with EFNs and formicaries. The food bodies are located in different parts of the plant, such as in the rachis (main vein of compound leaves) and pinnule (last leaflets of leaves with blades divided close to the main vein), or at the base of the petiole (Ferri et al. 1981 , Gonçalves & Lorenzi 2007 . One example of species that have food bodies are those belonging to Acacia.
1.1.1.2. Level 4: Fish dispersal: occurs in species that grow on riverbanks or in flooded sites. Their diaspores are heavy and fall off the parent plant into the water where they may either sink or float. These diaspores may have hard skin, which can only be opened by the jaws of fish, and many small, hard seeds, which are not damaged during the passage through the digestive tract (van der Pijl 1972, Kubitzki & Ziburski 1994) . One example of species dispersed by fish is Eugenia inundata DC.
1.1.1.3. Level 4: Reptile dispersal (performed by lizards, alligators and turtles): is characterized by fruits equipped with odour (van der Pijl 1972), usually with a red or orange colour (Klimstra & Newsome 1960) , and that develop close to the ground or fall off from the parent plant when ripe. Some species have fruits equipped with hard skin (van der Pijl 1972). One example of species dispersed by reptiles is Celtis australis L.
1.1.1.4. Level 4: Bird dispersal: diaspores dispersed by birds are bright and show contrasting colours, such as red and black, orange and black, and black or dark blue with light colours; contrast between the diaspores and leaves; contrast between the diaspores and its coloured auxiliary organs. The diaspores usually have an edible part, such as the fruit pulp or fleshy appendages attached to the seed. However, there are some birddispersed seeds that do not have an edible part, although their colour is attractive to birds and resembles seeds with fleshy appendages or fleshy fruits. These seeds are commonly referred to as mimetic (van der Pijl 1972 , Laubhann & Puff 2002 , although there are other hypotheses for the evolution of such colour pattern (see Peres & van Rossmalen 1996 , Foster & Delay 1998 and Galetti 2002 . When immature, bird-dispersed diaspores have an external protection against premature consumption; the seeds also have a protection from premature digestion (van der Pijl 1972). The diaspores are easily accessible to birds, such as hanging fruit and/or seeds (van der Pijl 1972 , Roth 1987 , rarely have an odour (van der Pijl 1972) and are small (# 2 cm; Willson et al. 1989 ). Due to the great variation of bird-dispersed diaspores, they can be classified according to their morphology into the following groups:
1.1.1.4.1. Level 5: Seeds with fleshy appendage attached: are characterized by seeds fully or partially covered by sarcotesta, aril or ariloid structures (Barroso et al. 1999) . These appendages provide a contrasting colour with the seed. The seeds are exposed in hard-skinned dehiscent fruits (van der Pijl 1972 , Laubhann & Puff 2002 .
1.1.1.4.2. Level 5: Drupoid diaspores: are characterized by diaspores with a single or just a few seeds (the species analysed showed up to six), which are large in relation to the diaspore. The exocarp, or skin of the fruit or fruitlet, has attractive colours to birds and is not rigid. Drupoid diaspores are indehiscent (do not open during maturation; Gonçalves & Lorenzi 2007). During the dispersal event, mainly large-bodied birds can swallow the whole diaspore and carry its large seeds (Wheelwright 1985) . Small birds can sometimes swallow diaspores with a single or just a few large seeds, but they are less willing or able to carry the mass of ballast associated with them (Mack 1993) . Therefore, small birds are most likely to only peck at the pulp of drupoid diaspores and do not act as dispersers of their large seeds.
1.1.1.4.3. Level 5: Baccoid diaspores: are characterized by diaspores with dozens or hundreds of small seeds immersed in the pulp. The exocarp has attractive colours to birds and is not rigid. Baccoid diaspores are indehiscent. During the dispersal event, a bird carries several seeds belonging to the same baccoid diaspore: the number of seeds varies with the size of the bird in relation to the size of the diaspore, which may be swallowed whole or have a portion pecked at. The terms drupoid and baccoid diaspores were here employed because, even though there are classifications for fruits in the literature, there are no specific terms for diaspores (either a single fruit, or a fruitlet from a compound fruit or infructescence) with these characteristics.
1.1.1.4.4. Level 5: Seeds without any nutritional reward: are characterized by seeds with colours similar to that of seeds with a fleshy appendage so that they appear to have one. Seeds without nutritional reward may also appear to be juicy, similar to a fleshy fruit. However, they are hard and dry (van der Pijl 1972, Laubhann & Puff 2002).
1.1.1.5. Level 4: Mammal dispersal: the diaspores are usually large (. 2 cm; Ridley 1930 , van der Pijl 1972 and the seeds are protected from premature digestion. Some fruits have an external protection against premature consumption, while the edible portion in others has a green colour even when ripe. The ripe fruits may have a strong odour, which is typical of diaspores dispersed by mammals (van der Pijl 1972). Mammaldispersed fruits have a watery pulp (van der Pijl 1972, Albuquerque 2001) and hard or soft skin (Banack 1998 , Dumont 2003 , lie outside the foliage attached to the stem or near the ground, and fall off the parent plant continuously. Attractive colours are not always present (van der Pijl 1972). Mammals can also disperse dry fruits, or consume large seeds with yellow or orange fleshy appendages. Due to the great variation of mammal-dispersed diaspores, they can be classified according to their morphology into the following groups:
1.1.1.5.1. Level 5: Hard diaspores (attractive to rodents): are often equipped with a hard exocarp (van der Pijl 1972), green pericarp and one or more seeds (Ridley 1930) . The typical odour found in mammal-dispersed fruits is absent (van der Pijl 1972). Some fruits belonging to this group are fleshy, made up of red, green or yellow capsules, with seeds surrounded by a white pulp (Ridley 1930) . Seeds with hard, waxy ariloid structures attached also belong to this group (van der Pijl 1972).
1.1.1.5.2. Level 5: Diaspores with attractive colours (attractive to primates): are characterized by the most coloured fruits amongst those dispersed by mammals (van der Pijl 1972), with black, purple, pink, yellow, orange or grey-green colours (Ridley 1930) . The fruits belonging to this group may have hard or soft skin, a strong odour (but not a rotten smell) and juiciness (van der Pijl 1972) . Seeds with a yellow or orange aril (Ridley 1930 , van der Pijl 1972 , much larger than those dispersed by birds, also belong to this group (Ridley 1930 (van der Pijl 1972) , in shades of purple, blue, green, yellow, yellowgreen, white or orange. They contrast with the darker foliage and make the diaspores more easily seen at night by bats (Dumont 2003) . Clear and opaque diaspores are unprotected and exposed on branches, generally have a watery pulp (van der Pijl 1972 , Albuquerque 2001 and may be equipped with hard or soft skin (Banack 1998 , Dumont 2003 . They often have a strong odour, conferred by aromatic compounds; the odour is not necessarily a rotten smell and may be imperceptible to humans. The fruit shape is highly variable and may be spherical to cob-shaped (M.A.R. Mello personal communication). The fruits are of different sizes (Dumont 2003) and occur mainly in the families Araceae, Clusiaceae, Cucurbitaceae, Moraceae, Piperaceae, Solanaceae and Urticaceae (van der Pijl 1972 , Mello et al. 2008 .
1.1.1.5.4. Level 5: Large diaspores (attractive to mammals belonging to the order Carnivora): are characterized by fruits that are much heavier (2.23 g ± 4.05 g) than those dispersed by birds and other mammals (with the exception of diaspores with attractive colours and anachronistic fruits), rich in pulp (68.9% ± 18.6% of fresh fruit mass) and with many seeds (60 ± 258 seeds/fruit; Herrera 1989). They also have a specific odour and commonly fall off the parent plant when ripe. Their colours are attractive, such as red, black, and mainly brown, white, blue and green (Ridley 1930 , Herrera 1989 . The fruits of this group generally belong to herbaceous plants and to species of Arecaceae (Ridley 1930 , van der Pijl 1972 .
1.1.1.5.5. Level 5: Anachronistic fruits: are characterized by very large, indehiscent fruits (much larger than those belonging to the other syndromes) with a pulp rich in oil, sugar or nitrogen compounds. They lack any attractive colour. The hardness, size and weight of these fruits are similar to those consumed by large African mammals. These features indicate that the anachronistic fruits were dispersed by the South American megafauna, which became extinct about 10,000 years ago. After the extinction of these animals, there might have been a population decline of the plant species dispersed by them, although some would still remain viable due to sporadic dispersal by other agents (Janzen & Martin 1982 , Guimarã es Jr. et al. 2008 . Other characteristics of anachronistic fruits are the presence of seeds enclosed within a hard or thick endocarp, or soft or fragile seeds that are very small or embedded in a hard portion of the fruit (Janzen & Martin 1982) . Examples of species of this group are: Crescentia alata Kunth, Enterolobium cyclocarpum (Jacq.) Griseb. and Hippomane mancinella L.
1.1.2. Level 3: Epizoochory (or exozoochory; diaspores that cling externally to the body of animals): the diaspores do not have an edible portion and therefore do not provide resources for animals. They also do not have attractive colours and odour, and have a rough texture (Sorensen 1986 ) and adhering mechanisms such as thorns, barbs, hairs (usually hard and curved), hooks or sticky exudates (van der Pijl 1972 , Sorensen 1986 , Raven 2007 which allow the diaspores to stick to animal scales, feathers and fur. The diaspores may be dry fruits that are easily detached from the parent plant when ripe. They develop near the ground and occur mainly in herbaceous species (Ridley 1930 , van der Pijl 1972 . Examples of herbaceous epizoochorous species are: Acanthospermum hispidum DC., Bidens laevis (L.) B.S.P. and Desmodium psilophyllum Schlecht.; we did not find any example of a tree species with this syndrome.
1.2. Level 2: Self dispersal (dispersal performed by the parent plant itself):
1.2.1. Level 3: Autochory (dispersal performed actively by the parent plant): is characterized by diaspores with brown or pale colours (Roth 1987) . Autochorous diaspores can be released from the parent plant in two ways:
1.2.1.1. Level 5: Explosive or ballistic release: is characterized by seeds and fruits with structures or mechanisms (turgor and hygroscopic movements) that shoot the diaspores away from the parent plant. They are usually dry fruits (van der Pijl 1972 , Albuquerque 2001 (van der Pijl 1972) . Some plumed seeds are encased in a capsule or pod and the hairs expand externally to the fruit. These hairs can be thin, simple, straight and silky; branched or tangled; or form a woolly mass (Ridley 1930) . The diaspores belonging to this group have well-developed, smooth, silky hairs, different from the hard ones of epizoochorous diaspores (Sorensen 1986 ).
2.1.4. Level 5: Winged diaspores: are characterized by one or more flattened protrusions called wings, which may originate from the seed, the fruit or auxiliary organs (van der Pijl 1972).
2.1.5. Level 5: Wind-ballists (anemoballists): are characterized by diaspores that are released explosively after a gust of wind. They are heavier than wind-dispersed diaspores belonging to the other groups (van der Pijl 1972) . One herbaceous species of this group is Papaver somniferum L.; we did not find any example of a tree species dispersed ballistically by wind.
2.2. Level 2: Water dispersal: occurs mainly in plants from aquatic environments (Ridley 1930 , van der Pijl 1972 , but has also been described for a herbaceous species in the Atlantic Rainforest (Pizo & Morellato 2002) . The diaspores can often float, at least for short distances, and are heavier than those dispersed by wind (Ridley 1930 , van der Pijl 1972 . One example of a species dispersed by water is Cocos nucifera L. Water-dispersed diaspores can be classified according to their morphological characteristics into the following groups:
2.2.1. Level 5: Rain wash (ombrohydrochory): is characterized by brown coloured dry fruits equipped with numerous seeds, as in some wind-dispersed diaspores. However, they are heavier than the latter (van der Pijl 1972). Examples of herbaceous species of this group are: Geigeria acaulis (Sch. Bip.) Benth & Hook. Ex Oliv. & Hiern., Leptaleum filifolium (Willd.) DC. and Sedum acre L.; we did not find any example of a tree species with rain wash dispersal.
2.2.2. Level 5: Rain-ballists: are characterized by seeds that are released explosively from the fruit driven by rainfall. The seeds are released from cup-shaped fruits, by a catapult mechanism of the fruit or through fruit pores (van der Pijl 1972 , Pizo & Morellato 2002 ). The latter was described for Bertolonia mosenii Cogn. (Melastomataceae), a perennial herb of the Atlantic Rainforest: the rainfall squeezes the seeds out of the triangular capsule-fruit through pores present at its vertices (known as the squirt-corner mechanism). The seeds are obovate (oval-shaped, with a wider part toward the apex of the seed) and cleaved (club-shaped, with a dilated portion on the extremities; Ferri et al. 1981 , Pizo & Morellato 2002 , contrasting with the seeds released from cup-shaped fruits, which are lenticular (lensshaped; Pizo & Morellato 2002) . Examples of herbaceous species of this group are: Bertolonia mosenii, Ocimum basilucum L. and Thlaspi perfoliatum L.; we did not find any example of a tree species dispersed ballistically by rain.
2.2.3. Level 5: Floating diaspores: are generally seeds that have both a waterproof testa and low density, which is possible due to the presence of aerenchyma, light albumen and cotyledons, or corky tissues (van der Pijl 1972). Examples of species of this group are: Cocos nucifera and Hevea brasiliensis (Willd. ex Adr. de Juss.) Muell-Arg.
Diaspores without specific morphological characteristics: are characterized by the absence of morphological features that allow us to identify the syndrome to which they belong.
Supplementary material 2: List of tree species sampled at the Atlantic Rainforest in Southeast Brazil and their dispersal syndromes.
This list contains all tree species sampled at four forest types of the Atlantic Rainforest in Southeast Brazil. R means Restinga Forest, L means Lowland Atlantic Rainforest, S means Submontane Atlantic Rainforest, and M means Montane Atlantic Rainforest. The dispersal syndromes belonging to five hierarchical levels were identified. For an explanation of the hierarchical levels, please refer to the paper. NS means no syndrome and represents syndromes of the immediate previous level that do not present further specification of diaspore morphology for its classification in more specific levels. NI means non-identified syndrome.
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